Abstract Salt marshes are ecosystems subjected to a variety of environmental stresses like high salinity, water deficit, intense radiation or high temperatures. Field measurements were conduced in two halophyte species, Atriplex portulacoides L. and Limoniastrum monopetalum L., in the Reserva Natural do Sapal de Castro Marim, to compare their physiological response, i.e., water potential (w), net photosynthetic rate (A), stomatal conductance (gs) under natural conditions. Both species demonstrated marked variations in w throughout the year, with very low values in the summer, the period of higher salinity, drought and temperature. Deficit water potential (Dw = w midday À w predawn ) was lower in the summer than in other seasons in A. portulacoides but not in L. monopetalum. The highest values for A and gs in L. monopetalum were observed in autumn and for A. portulacoides in winter, presenting both lowest values in spring and summer. A max was particularly high for L. monopetalum than for A. portulacoides in summer and autumn, despite gs max was similar in both species. Diurnal pattern of A and gs were similar in both species, with higher values in the morning, decreasing throughout the day.
Introduction
Salt marsh ecosystems are characterized by a high primary productivity, being one of the most productive biotopes despite the constant stress conditions they are subjected to, like deficit of water and excess of salinity (Adam 1990 ). Also, these ecosystems are often under intense radiation and high temperatures throughout the year, thus constraining their primary productivity (Larcher 1995) . Structural and chemical changes often occur, within the plants, like increased sugar and amino acid content, to minimize damage from changing environment conditions. These acclimation changes result in a higher survival capacity of plants under stress. Also, plants can show different ranges of tolerance to particular stresses, without acclimation. Due to their genetic background, some species can intrinsically tolerate higher temperatures or dehydration better than others (Adam 1990 ). Hence, in order to survive, the vegetation, predominantly halophytic, is well adapted to cope with such conditions and their photosynthetic apparatus is acclimated to a wide variety of environmental stress factors.
Previous research on halophytic species centred the attention mainly on the effects of the salinity on photosynthesis, water relations and growth rates of salt marsh species, in greenhouse (Gul et al. 2000; Khan et al. 2000; Pearcy and Ulstin 1984) , controlled (Nieva et al. 1999 ) and natural conditions (Hacke et al. 2000) . Therefore, little is documented about the photosynthetic response to environmental stresses under natural conditions. Native salt marsh shrubs have developed different strategies of coping with drought and excess salinity stress and show a great deal of variability in their phenology, rooting depth and intrinsic capacity to overcome stress factors. In this context, two species were selected for this study which show similar aspects in their morphology and anatomy, typical of salt marsh species, i.e., increase of succulence, thicker leaf cuticle or existence of excretory salt mechanisms (salt secretory trichome in Atriplex spp. and multicellular salt glands in Limoniastrum spp.) (Wahid 2003) . Atriplex portulacoides L. is an evergreen Chenopodiaceae ranging from 20 to 50 cm/height, the leaves are decussate, lanceolate to obovate, entire, thick and succulent with a length of 15-70 mm (Franco 1971) , which colonizes the lower and mid marsh. Limoniastrum monopetalum L. is an evergreen Plumbaginaceae ranging from 50 to 120 cm/height the leaves are alternate, oblanceolate, linear-spatulate, entire, succulent and glaucous, with a length of 20-30 mm (Franco 1984) , which colonizes the upper marsh.
The Castro Marim salt marshes offer an interesting system for ecophysiological studies due to the generally high salinity levels in summer and large seasonal changes in salinity and soil hydric content resulting from the lack of summer precipitation. Thus, the aim of this study was to assess seasonal and daily patterns of gas exchange in A. portulacoides and L. monopetalum, under field conditions, in order to identify the major climatic constrains to photosynthesis in these two salt marsh species that grow within a small distance from each other.
Materials and methods
The study was carried out in a natural reserve ''Reserva Natural do Sapal de Castro Marim e Vila Real de Santo António'' in south-east Portugal (lat. 37°13 0 N; long. 1°40 0 W). This reserve covers about 2,087 ha, of which 28% are saltmarsh, and is located between the Guadiana River and the Atlantic Ocean. The morphology of the reserve is mostly flat with an altitude ranging from 0 to 5 m above the mean sea level. The soil, with alluvial origin, is halomorphic with a pH that ranged between 6 and 6.7 (Lousã 1986) with high percentage of lime and organic matter. The soil salinity level ranged between 360 mmhos/ cm, in dense vegetation area, and 675 mmhos/cm in sparse vegetation area (Lousã 1986) and the Na + level higher than 15% (Serrano 1983 ). The vegetation is composed predominantly by species as Spartina maritima (Curtis) Fernald., S. densiflora Brong., Atriplex portulacoides L., Arthrocnemum perenne (Miller) Moss., A. glaucum (Delile) Ung-Sternb., A. fruticosum (L.) Moq., Suaeda vera Forssk. ex Gmelin e Limoniastrum monopetalum L. This area has a Mediterranean climate with average yearly rainfall of 492 mm and air temperature of 17.2°C. The climate is characterized by a dry season during summer (Rivas-Martinéz 1981) . In 2002, the summer was particularly dry, with no precipitation between June and August (Fig. 1) . The monthly maximum precipitation was in September, 100 mm, and the total precipitation during this year was 593 mm. The maximum absolute temperature was 35.9°C in July and the minimum was 5.8°C in December (Instituto Nacional de Meteorologia e Geofísica).
The study was conduced in a salt marsh area, three meters above the mean sea level, almost never submerged by the tide. The study was carried out in three plants similar in size and age (about 8-years old) of each species, Atriplex portulacoides L. and Limoniastrum monopetalum L., two of the most representative species in the area. Leaf water potential, soil humidity and gas exchange were measured in four periods during the year 2002, spring (April), summer (July), autumn (September) and winter (December). Experiments were conducted on clear days.
Leaf water potential (w) was determined at predawn and midday using a pressure chamber (PMS Instruments Co., Oregon, USA) according to Scholander et al. (1965) in full expanded and intact leaves of current year.
Soil humidity was measured at predawn and midday, using a ThetaKit Delta-T moisture meter, model HH2 (Delta-T Devices Ltd, Cambridge, UK).
Gas exchange measurements were made under natural conditions in full expanded and intact leaves of current year, using a Li-6400 portable photosynthesis system (Li-Cor Inc., Lincoln, USA), in three leaves of each plant, at early morning (ca 8.00-9.00 h), midday (ca 12.00À13.00 h) and late afternoon (ca 17.00-18.00 h). Photosynthesis rate (A), stomatal conductance (gs), leaf transpiration (E), intercelular CO 2 concentration (Ci), vapour pressure deficit between the leaf and the air (VPD), Photosynthetic Active Radiation (PAR) and air temperature in the leaf chamber (T) values were collected.
Statistical analysis. Descriptive statistics (mean and standard error) were obtained for all data. Seasonal data of Fig. 1 Annual variation of monthly mean air temperature, total precipitation and soil humidity in 2002. Maximum (triangle) and minimum (circle) temperature values and soil humidity are exposed in April, July, September and December seasonal maximal photosynthetic rate (A max ), maximal stomatal conductance (gs max ), intrinsic water use efficiency (A max /gs max ), photosynthetic rate (A), stomatal conductance (gs), leaf transpiration (E), apparent carboxilation efficiency (A/Ci), and water potential deficit (Dw) were subjected to Kruskal-Wallis tests (a = 0.05) and Tukey post hoc tests, to check differences between species and among measurements. Diurnal data of A and gs were subjected to Mann-Whitney U tests (a = 0.05) to test comparison between species at each time of the day. All statistical analyses were performed with SigmaStat for Windows Version 3.1.
Results
Seasonal changes in w p , w md ( Fig. 2) showed similar patterns, for both species. Maximum values of predawn leaf water potential (w p ) were obtained in spring and winter ( Fig. 2) . Both species show a significant decrease in w p in summer followed by a slight recovery in autumn, not significant in L. monopetalum. Summer values of w p were significantly different in the two species (P < 0.001) (À6.6 ± 0.1 MPa for A. portulacoides, À4.8 ± 0.7 MPa for L. monopetalum). The summer values of midday leaf water potential (w md ) were not significantly different between species (À6.8 ± 0.2 MPa for A. portulacoides and À7.0 ± 0.1 MPa for L. monopetalum) (Fig. 2) .
Deficit water potential (Dw) values were significantly different between species in spring and summer but similar in autumn and winter (Table 1) .
A. portulacoides showed minimum deficit water potential (Dw) in summer, while L. monopetalum reached the maximum Dw in this season (Fig. 2, Table 1 ).
Both species showed similar values of gs max in spring and summer, increasing in autumn and winter (Fig. 3a, b) . For L. monopetalum, minimum and maximum A max were obtained in April and September (9.1 ± 1.6 and 26.8 ± 3.4 lmolCO 2 m À2 s À1 , respectively (Fig. 3a, b) . The intrinsic water use efficiency (A max /gs max ) showed significant differences over the seasons (P < 0. (Fig. 3c) . For both species, mean values of A were similar in April and July and differed significantly (P < 0.001) from September and December values (Fig. 4) .
The mean values of gs of both species recovered in September (65.9 ± 11.9 lmolCO 2 m À2 s À1 for A. portulacoides and 139. (Fig. 4) .
The transpiration rate (E) of both species showed little variation across the year, with only a slight decrease in July (0.7 ± 0. ) (Fig. 5a ). There were differences (P < 0.001) in E, between species, in April, July and September, L. monopetalum showing higher values.
Apparent carboxilation efficiency (A/Ci) showed almost constant values throughout the year, in both species, with the exception of December, in A. portulacoides, and in September in L. monopetalum, which showed a slight increase (P < 0.05) (Fig. 5b ). There were no differences in A/Ci values between species, except in September, showing higher values for L. monopetalum (P < 0.05).
Diurnal variations of A were similar to the variations in gs, with the maximum values obtained mainly in the morning period. The highest values of gs and A were in general obtained when lower values of vapour pressure deficit and air temperature occurred (Fig. 6) . The diurnal patterns of gs and A showed in general lower values, throughout the year, for A. portulacoides than for L. monopetalum. In July, both species showed very low gs values all day long.
Discussion
In the present study, seasonal gs and A measurements showed similar patterns to other salt marsh species and shrubs from the Mediterranean region, which often show a decreasing net photosynthesis pattern in the summer period, due to stomata limitation of gas exchange triggered by soil and atmospheric drought (Flexas et al. 2001; Chaves et al. 2002; Garcia-Plazaola et al. 1997; Adam 1990 ). Nevertheless, these species showed low A values early in spring and maintained these values during summer.
Predawn leaf water potential (w p ) values indicated a clear decrease, in both species, in the summer season, in agreement with other studies of halophyte species in controlled conditions, as Allenrolfea occidentalis (À4.1 MPa) (Gul et al. 2000) , Arthrocnemum perenne, A. fruticosum (À5.1 eÀ7 MPa, respectively) (Nieva et al. 1999) , and in natural conditions, as Atriplex canescens, A. confertifolia, Chrysothamnus viscidiflorus (À4.5, À4.3 eÀ3.7 MPa, respectively) (Hacke et al. 2000) , Spartina densiflora (À4.8 MPa) (Nieva et al. 2003) . The higher summer values of leaf pre-dawn water potential (w p ) in L. monopetalum than A. portulacoides is probably due to a more efficient root system in water capture in the first specie. During summer stress conditions, L. monopetalum tends to show higher values of g max than A. portulacoides (although not statistical significant) (Fig. 3) promoting an increase in deficit water potential (Dw) ( Table 1) .
Hence, these results suggest two different strategies in gas exchange in adaptation to decreasing soil water availability and high soil salinity. A. portulacoides considerably decreased the stomatal aperture in the periods of most intense water deficit to preserve cellular water content. L. monopetalum, although showing some stomatal closure, maintained relatively high gs values, allowing the maintenance of A. Although both species have a salt avoidance mechanism, by salt exclusion at leaf level, L. monopetalum is probably more efficient than A. portulacoides. The function of salt secretory systems [salt gland in L. monopetalum and salt secretory thricomes in A. portulacoides (Wahid 2003) ], and the mechanism of ion transport from leaf cell to the secretory structure (apoplastic or symplastic pathway) are directly related with the efficiency of the process of salt exclusion (Wahid 2003; Hasegawa et al 2000) . A symplastic pathway of ions (Na + and Cl À ) from leaf mesophyll cells to glandular cells was observed in Limonium sp. (Plumbaginaceae) by Zeiger and Luttge, (1967) . Whereas Campbell et al. (1974) referred an apoplastic pathway (the ions are diffused slowly) to the thricomes cells, in Atriplex sp. The summer depletion of the transpiration rate (E) also agreed with the variation of gs, particularly in A. portulacoides, showing lower values in the drought period (Fig. 5a ).
During the summer period, both species maintained A spring values, only with a slight decrease for A. portulacoides, although not significant.
During spring, the measurements showed lower values of gs and A compared to autumn and winter (Fig. 4) . The climatic conditions in spring apparently do not justify those values (Fig. 1) , hence the reduction might be related with the phenology of the species, since the process of leaf renewal occurs at the end of the summer, beginning of autumn as stated for various salt marsh species (Adam 1990) . Therefore, the spring measurements were made in older leaves, which normally reduce their capacity for carbon assimilation. Another possible factor contributing to these lower values of gs and A was the increase of the salinity in the soil, during spring and summer, which is known to limit carbon assimilation, as shown in other studies (Gul et al. 2000; Nieva et al. 1999; Pearcy and Ulstin 1984) (Pearcy and Ulstin 1984) , and to Spartina densiflora (8 lmolCO 2 m À2 s À1 ) in natural conditions (Nieva et al. 2003) . Comparing the mean summer values of gs (Fig. 4) (Pearcy and Ulstin 1984) . From spring to autumn, A. portulacoides showed similar and low A/Ci values (Fig. 5b) , agreeing with the maintenance of low A values during those periods, although gs increased in autumn (Fig. 4a) . L. monopetalum increased A/Ci values in autumn due to an increment in photosynthesis in this period. In both species there were a steady state in A/Ci values during the year (with the exception in L. monopetalum in autumn), which means that stomatal aperture and the photosynthetic capacity were adjusted for each season conditions.
After the summer constrains on photosynthetic activity, A increased in autumn for both species, due to more favourable environmental conditions and consequent stomatal regulation. Both species show the period of leaf formation and accumulation of structural tissue in the autumn and, as young leaves develop, they show a higher photosynthetic rate, stomatal conductance and transpiration, therefore contributing to the increase reported in autumn and winter (Adam 1990 (Fig. 1) . L. monopetalum also demonstrated higher water-use efficiency in spring and autumn (Fig. 3c) , confirming a higher capacity of stomatal response to changes in water availability. A. portulacoides maintained constant its water use efficiency throughout the year, only increasing in the drought period, obtaining similar values to L. monopetalum. A. portulacoides showed a slower stomatal response capacity, even when the soil water content was higher and vapour pressure deficit and temperatures were favourable, as observed in September. This pattern indicates a highly conservative use of water in A. portulacoides, a behaviour often showed in various Mediterranean species subject to climatic constrains, highlighting the stomatal dependence on variations of vapour pressure deficit and temperature (Castell and Terradas 1994; Turner et al. 1984) . Throughout the year, gs and A were generally higher in L. monopetalum, independent of the observed pattern, demonstrating a higher photosynthetic capacity of this species. However, data on leaf carbon isotope discrimination ( 12/13 d) (data not published), shows that both species have values of 12/13 d within the range of C3 photosynthetic metabolism plants, by interval values published in Jones (1992) . One possible explanation for higher photosynthetic capacity in L. monopetalum could be that this specie has a metabolism C3-C4 intermediate (with a Kranz-like anatomy) which allows the recapture of photorespired CO 2 (Edwards et al. 2004 ). This refixation reduces photorespiration, overcoming the inefficiency of Rubisco, but has little effect on the carbon isotope composition (Edwards et al. 2004 ).
The diurnal oscillation of A and gs showed a decrease of these values in the periods of more intense radiation, temperature and vapour pressure deficit, particularly in A. portulacoides (Fig. 6 ). This variation agreed with some limitation of gas exchange through stomatal regulation as stated above. The midday values of A and gs were similar to other salt marsh species as described by Gul et al. (2000) in Allenrolfea occidentalis (7.0 lmol-CO 2 m À2 s À1 ) and by Nieva et al. (1999) in Spartina maritima (7.6 lmolCO 2 m À2 s À1 ) and Spartina densiflora (6.2 lmolCO 2 m À2 s À1 ).
